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Introduction {#sec001}
============

Previous studies revealed an interestingly tight correlation between the low cardiovascular disease occurrence rates in Greenlandic Inuit people and Japanese and their high intake of seafood fat \[[@pone.0228276.ref001]--[@pone.0228276.ref002]\]. The dynamic coupling and causal relationships have brought increasing attention on the health significance of fatty acids, especially polyunsaturated fatty acids (PUFAs), in human nutrition. Fatty acids are essential for life due to their vital roles as a source of membrane constituents, energy, and metabolic and signaling mediators \[[@pone.0228276.ref003]\]. PUFAs are fatty acids that contain 18 or more carbon atoms and more than one double bonds. Based on the position of the last double bond relative to the terminal methyl end of the molecule, the PUFAs are further divided into three classes: *n-*3 PUFAs, *n*-6 PUFAs, and *n*-9 PUFAs. Among them, *n*-3 PUFAs and *n*-6 PUFAs are essential fatty acids which can't be synthesized in mammals. Over the last decades, both epidemiological and experimental studies have provided biomedical evidence to support the protective role of *n*-3 PUFAs. Eicosapentaenoic acid (EPA, C20:5*n*-3) and docosahexaenoic acid (DHA, C22:6*n*-3), especially, play important roles in the prevention of many diseases including cardiovascular diseases, cancers, inflammatory and autoimmune diseases as well as psychiatric and mental illnesses \[[@pone.0228276.ref004]--[@pone.0228276.ref006]\]. As there was no obvious effect of *n*-6 PUFAs on cardiovascular prevention \[[@pone.0228276.ref007]\], recommendations for increasing *n*-3 and reducing *n*-6 consumption have been proposed by nutritionists. However, the intake of *n*-3 fatty acids remains to be relatively low in human populations of many countries and the consumption of *n*-6 fatty acids from vegetable oil and animal fats is still increasing \[[@pone.0228276.ref008]--[@pone.0228276.ref009]\]. The ratios of *n*-6 to *n*-3 fatty acids (*n*-6/*n*-3 ratio) for human diet range from 15:1 to 40:1, which is much higher than the recommended ratio of 4:1 (or lower) in diet for the prevention of cardiovascular diseases by UK Department of Health, and is also higher than the recorded ratios of approximately 1:1 to 2:1 in the hunter-gatherer's diet of our ancestors \[[@pone.0228276.ref010]--[@pone.0228276.ref011]\]. This increase in the n-6/n-3 ratio has been presumably associated with the development of numerous diseases \[[@pone.0228276.ref012]--[@pone.0228276.ref014]\]. Therefore, from a dietary point of view, mitigation of the unfavorable food status by increasing *n*-3 and reducing *n*-6 consumption has been considered as one beneficial nutrition strategy to protect health \[[@pone.0228276.ref015]\].

Marine fish species are usually characterized by high levels of *n*-3 PUFAs, especially EPA and DHA, which make them a promising source for the supplementation of these nutrients \[[@pone.0228276.ref016]\]. Generally, the fat nutritional properties of marine fish are largely determined by the advantageous fatty acid profiles that have health-promoting properties. However, the fatty acid compositions of marine fish vary from species to species and can be influenced by many intrinsic and extrinsic factors, such as diet, age, size, and environmental conditions \[[@pone.0228276.ref010]\]. It is thus crucial to gain information of the nutritional qualities for commercially important fish species in order to evaluate their health benefits on the consumers. Considering that the ratio of *n*-6 to *n*-3 fatty acids (*n*-6/*n*-3 ratio) is the only main parameter for evaluating the human diet, additional indices based on the functional effects of individual fatty acid are warranted to fill the gap on the nutritional property evaluation of marine fish \[[@pone.0228276.ref017]\].

China has become the largest producer of fish in the world over one decade, although the per capita consumption of fish and fish products (9.66 kg per capita per year) is still relatively low in comparison with many other countries \[[@pone.0228276.ref018]--[@pone.0228276.ref019]\]. From all Chinese estuarine regions, however, the studies on fatty acid contents and nutritional qualities of various fish species are surprisingly limited, with only one report on the fatty acid composition analyses of twelve marine species in the Zhoushan fishing ground from the East China Sea \[[@pone.0228276.ref018]\]. The Pearl River Estuary (PRE) is one of the most important fishing grounds in China. It was reported that more than 280 fish species with more than 50 belonging to commercial fishes were found in the PRE fishing ground \[[@pone.0228276.ref020]\]. Although these commercial species are of growing interest to both aquatic product producers and consumers, there are currently no available fatty acid composition data for the evaluation of their nutritional properties. In view of these facts, the purposes of this study were to analyze the total lipid content, characterize the fatty acid composition, and further evaluate the lipid nutritional quality of the highly consumed marine fish species from the PRE. The selected 22 marine fish species in this study represent roughly half of the commercially important marine fishes, accounting for the majority of the total marine fish production in the PRE. Results of this study would provide beneficial evaluation evidence for both fish production and consumption, and further offer instrumental data for developing public health nutrition programs and strategic policies. Moreover, most of the selected species are also the predominant prey items of the Indo-Pacific humpback dolphins in the PRE, which is the only cetacean species listed in the Grade I National Key Protected Animal in China. Consequently, the information presented here would also contribute to a better understanding of the nutrition status of this protected species in the PRE.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

The research was conducted under the permit of the Department of Agriculture and Rural Affairs of Guangdong Province and the National Natural Science Foundation of China (Permit No. 41576128). The sampling procedure was in compliance with the laws and regulations of this kind of studies in China. All animal procedures were approved by the Animal Ethics Committee of the Sun Yat-Sen University School of Marine Sciences and were carried out in accordance with the Statute on the Administration of Laboratory Animals of China.

Sample collection and processing {#sec004}
--------------------------------

Samples were collected by trawling in the PRE (latitude 21.9215° N \~ 22.5534° N; longitude 113.4590° E \~ 113.8716° E) during the fishing season in 2013. Ten individuals from each fish species were sampled. After collection, samples were immediately placed in a portable cooler and transported directly to the laboratory. Upon arrival, each undamaged individual was selected and the body length and weight of each individual were recorded. All the samples were kept at -80 °C prior to analysis.

Total lipid extraction {#sec005}
----------------------

Lipid extraction was performed according to the modified Folch method \[[@pone.0228276.ref021]\]. Briefly, the whole fish was homogenized with a Waring blender. After that, 1.5 g of homogeneous mixture was homogenized overnight with 30 mL chloroform/methanol mixture (2:1, by vol.), which contained 0.01% butylated hydroxytoluene as the antioxidant. The homogenate was then filtered through a fat-free paper into a 40 mL centrifuge tube. New chloroform/methanol mixture was added to rinse the jar and the filter paper until reaching a final volume of 33 mL. The filtrate is mixed thoroughly with 7 mL of 0.9% sodium chloride solution. After layering, the entire lower phase was collected and filtered through approximately 1 g of anhydrous sodium sulfate. After rinsing three times with approximately 1 mL of chloroform, the filter was then evaporated to a constant weight at ambient temperature under a stream of nitrogen. Methylene chloride was added to make up a final concentration of 100 mg mL^-1^.

Fatty acids analysis {#sec006}
--------------------

Fatty acids methyl esters (FAMEs) were obtained from total lipids by acid-catalyzed transesterification \[[@pone.0228276.ref022]\]. Briefly, an amount of 100 mg of the extracted lipid was dissolved in 1.5 mL dichloromethane and 3 mL methanol-sulfuric solution (200:3 at a volume ratio) and shaken vigorously. The reaction mixture was heated at 100 °C for approximately 1 h and then cooled to room temperature. Subsequently, 3 mL hexyl hydride and 1 mL distilled water were added to the mixture. After vortexing and layering, the entire upper phase was collected. One gram of anhydrous sodium sulfate was added to the collected sample and then stewed for overnight stratification. After filtration, the sample was evaporated until its weigh turned to be constant under a stream of nitrogen. Heptane was added to the sample to make up a final concentration of 50 mg mL^-1^. The qualitative analysis of FAMEs was carried out using a gas chromatograph (Varian CP3800, Varian, Inc., Palo Alto, CA, USA) equipped with a BPX70 fused silica capillary column (length, 50 m; internal diameter, 0.22 mm; film thickness, 0.25 μm) and a flame-ionization detection (FID). The carrier gas was nitrogen and the split ratio was set at 1:100. The temperatures for the injection port and detector were set at 270 °C and 300 °C, respectively. Mass spectra data were processed using STAR-GC3800 software. Fatty acids were identified by comparing their retention time with a mixture of standards containing 40 fatty acids (NU-CHEK PREP, INC.) in this study. Each fatty acid was quantified by calculating its peak area relative to the total peak area. These values are referred to as fatty acid content (%) throughout the paper.

Nutritional quality indexes of lipids {#sec007}
-------------------------------------

The nutritional lipid quality of the studied fish was evaluated by five nutritional indicators based on fatty acid compositions. Index of *n*-6/*n*-3 ratio refers to the comparison of the *n*-6 PUFAs over *n*-3 PUFAs. Index of P/S ratio refers to the fraction of the PUFAs over SFAs. Indices of atherogenicity (IA) and thrombogenicity (IT) were estimated according to Ulbricht & Southgate (1991), and the index of hypocholesterolemic/hypercholesterolemic fatty acids (HH) was calculated according to Santos-Silva, Bessa, & Santos-Silva, (2002) with the following formulae:

1.  IA = \[(C12:0 + (4 × C14:0) + C16:0)\]/(MUFAs + *n*-6 PUFAs + *n*-3 PUFAs) \[[@pone.0228276.ref023]\].

2.  IT = (C14:0 + C16:0 +C18:0/\[(0.5 × MUFAs) +(0.5 × *n*-6 PUFAs) + (3 × *n*-3 PUFAs) + (*n*-3 PUFAs/ *n*-6 PUFAs)\] \[[@pone.0228276.ref023]\].

3.  HH = (C18:1*n*-9 + C18:2*n*-6 + C20:4*n*-6 + C18:3*n*-3 +C20:5*n*-3 + C22:5*n*-3 + C22:6*n*-3)/(C14:0 + C16:0) \[[@pone.0228276.ref024]\].

Statistical analysis {#sec008}
--------------------

Each result shown in Table [1](#pone.0228276.t001){ref-type="table"} and [2](#pone.0228276.t002){ref-type="table"} is the mean value derived from the analyses of 10 samples from a given species. Fatty acids were grouped as saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and PUFAs for each species to show their composition and overall variations among the fish. Fish were further classified into different categories based on their lipid content \[[@pone.0228276.ref025]\]. Differences in fatty acid signature among the analyzed fish of different categories were determined by one-way analysis of variance (ANOVA) with Tukey's test at a 5% significance level (*p* \< 0.05) (SPSS Software version 20.0, SPSS Inc., Chicago, IL, USA). Pearson correlation coefficient tests were performed to examine the possible relationships between fatty acid signatures and trophic levels. The trophic level data for the studied fish species were obtained from [www.fishbase.org](http://www.fishbase.org). In order to compare the nutritional quality of the studied marine fishes in the PRE, hierarchical clustering analyses focusing on the five nutritional quality indices (*n*-6/*n*-3, P/S, HH, IA, and IT) in different species were conducted by using Pheatmap package (<https://cran.r-project.org/web/packages/pheatmap/index.html>, version 1.0.10) in R language. The results were visualized with the presentation of heat maps.

10.1371/journal.pone.0228276.t001

###### Fish species (n = 10 for each species) examined in the present study and their lipid contents and trophic levels.

![](pone.0228276.t001){#pone.0228276.t001g}

  Scientific name               Common name              Trophic level [^a^](#t001fn001){ref-type="table-fn"}   Lipid content (g/100 g)   Body length (cm)   Body weight (g)
  ----------------------------- ------------------------ ------------------------------------------------------ ------------------------- ------------------ -----------------
  *Odontamblyopus rubicundus*   Rubicundus eelgoby       3.9 ± 0.5                                              1.38                      18.1 ± 1.9         24.1 ± 6.4
  *Sillago sihama*              Silver sillago           3.3 ± 0.1                                              0.51                      18.2 ± 1.3         37.5 ± 5.3
  *Selaroidea leptolepis*       Yellow stripe trevally   3.8 ± 0.2                                              2.10                      12.0 ± 2.1         25.4 ± 3.8
  *Arius sinensis*              Chinese sea catfish      3.9 ± 0.7                                              2.70                      22.9 ± 2.7         104.0 ± 19.2
  *Collichthys lucidus*         Big head croaker         3.6 ± 0.6                                              5.50                      9.7 ± 1.3          22.5 ± 4.2
  *Ilisha elongata*             Chinese herring          3.8 ± 0.6                                              4.84                      28.6 ± 4.6         304.5 ± 24.1
  *Thryssa kammalensis*         Kammal thryssa           3.4 ± 0.4                                              7.35                      10.4 ± 1.9         19.5 ± 4.3
  *Thryssa dussumieri*          Dussumier's thryssa      2.8 ± 0.2                                              7.20                      8.4 ± 1.4          17.1 ± 3.3
  *Larimichthys polyactis*      Yellow croaker           3.7 ± 0.4                                              3.08                      13.5 ± 1.8         70.1 ± 5.9
  *Trichiurus lepturus*         Hairtail                 4.4 ± 0.4                                              6.57                      51.5 ± 2.2         78.7 ± 8.2
  *Pampus argenteus*            Silver pomfret           3.3 ± 0.1                                              6.60                      20.5 ± 2.6         168.8 ± 6.6
  *Coilia mystus*               Anchovies                3.2 ± 0.4                                              6.28                      17.1 ± 2.0         16.1 ± 2.2
  *Cynoglossus lida*            Roughscale tonguesole    3.2 ± 0.1                                              2.17                      18.7 ± 3.5         93.6 ± 5.3
  *Harpadon nehereus*           Bombay duck              4.2 ± 0.7                                              1.41                      21.8 ± 2.9         96.2 ± 4.2
  *Johnius belangerii*          Belanger's croaker       3.3 ± 0.3                                              6.35                      13.9 ± 0.8         48.8 ± 3.8
  *Nemipterus virgatus*         Golden threadfin bream   4.0 ± 0.6                                              2.66                      18.8 ± 0.7         76.1 ± 8.7
  *Mugil cephalus*              Flathead mullet          2.5 ± 0.2                                              4.77                      17.2 ± 0.4         52.4 ± 3.3
  *Siganus fuscessens*          Dusky rabbitfish         2.0 ± 0.1                                              4.71                      12.6 ± 0.5         37.1 ± 5.6
  *Branchiostegus albus*        Horsehead tilefish       3.4 ± 0.5                                              2.31                      22.4 ± 3.2         231.5 ± 6.5
  *Leiognathus brevirostris*    Shortnose ponyfish       3.0 ± 0.3                                              6.00                      12.5 ± 1.3         27.7 ± 1.7
  *Trypauchen vagina*           Burrowing goby           3.5 ± 0.5                                              3.22                      13.8 ± 2.2         12.5 ± 2.4
  *Lateolabrax japonicus*       Sea perch                3.1 ± 0.3                                              1.60                      29.5 ± 2.1         228.2 ± 26.4

^*a*^ All data was obtained from the fishbase ([www.fishbase.org](http://www.fishbase.org)).

10.1371/journal.pone.0228276.t002

###### The fatty acid compositions (% of total fatty acids) of twenty-two marine fish species from the Pearl River Estuary (PRE), China.

![](pone.0228276.t002){#pone.0228276.t002g}

  --------------------- -------------------------- --------------------------------- ------------------------- ----------------------------- -------------------------------- ------------------------ ---------------------------- --------------------------- ------------------------ ------------------------------ ---------------------------
  **Fatty acids (%)**   ***Sillago sihama***       ***Odontamblyopus rubicundus***   ***Harpadon nehereus***   ***Lateolabrax japonicus***   ***Selaroidea leptolepis***      ***Cynoglossus lida***   ***Branchiostegus albus***   ***Nemipterus virgatus***   ***Arius sinensis***     ***Larimichthys polyactis***   ***Trypauchen vagina***
  C14:0                 2.95                       2.99                              7.47                      2.54                          5.24                             5.15                     4.33                         3.69                        2.1                      2.22                           3.41
  C15:0                 0.60                       1.50                              0.40                      0.76                          0.97                             1.25                     0.71                         1.29                        0.55                     0.70                           0.87
  C16:0                 20.9                       20.2                              26.3                      25.2                          31.7                             20.2                     26.1                         28.6                        33.3                     26.1                           19.2
  C17:0                 1.72                       2.04                              0.78                      1.85                          1.59                             3.07                     0.99                         2.03                        1.26                     1.17                           2.41
  C18:0                 8.34                       8.24                              3.63                      9.29                          8.24                             6.72                     7.82                         9.96                        6.82                     8.21                           8.62
  **SFAs**              **34.5**                   **35.0**                          **38.6**                  **39.7**                      **47.7**                         **36.4**                 **40.0**                     **45.6**                    **44.0**                 **38.4**                       **34.5**
  C14:1                 0.50                       0.43                              0.44                      0.37                          0.31                             0.40                     0.56                         0.26                        0.20                     0.32                           0.28
  C15:1                 0.32                       0.36                              0.66                      0.42                          0.13                             0.30                     0.30                         0.19                        0.25                     0.22                           0.51
  C16:1*n*-7            14.4                       10.8                              19.9                      8.10                          10.7                             9.32                     8.88                         6.06                        8.06                     9.05                           8.93
  C17:1                 0.94                       1.25                              0.48                      0.98                          0.57                             1.02                     0.91                         0.74                        0.65                     0.63                           0.49
  C18:1*n*-7            5.90                       3.72                              2.81                      3.93                          3.88                             4.38                     2.70                         2.74                        2.52                     3.12                           5.60
  C18:1*n*-9            11.2                       8.92                              13.0                      11.7                          7.97                             8.37                     18.8                         7.80                        22.3                     12.7                           9.46
  C20:1                 0.88                       1.31                              0.97                      0.91                          0.28                             3.96                     1.40                         0.77                        1.02                     0.76                           0.79
  C22:1                 0.58                       0.42                              0.31                      0.79                          0.38                             3.66                     0.57                         0.41                        0.71                     0.45                           0.61
  C24:1                 0.11                       0.1                               0.16                      0.15                          0.07                             0.16                     0.28                         0.28                        0.14                     0.4                            0.11
  **MUFAs**             **34.7**                   **27.3**                          **38.7**                  **27.4**                      **24.3**                         **31.6**                 **34.4**                     **19.3**                    **35.8**                 **27.6**                       **26.8**
  C18:2*n*-6            1.20                       1.16                              0.57                      1.63                          1.05                             1.09                     0.68                         1.2                         1.02                     0.77                           2.81
  C18:3*n*-3            0.88                       0.55                              0.45                      0.96                          0.62                             0.64                     0.17                         0.38                        1.00                     0.35                           1.02
  C18:3*n*-6            0.10                       0.12                              0.08                      0.11                          0.18                             0.18                     0.06                         0.1                         0.07                     0.09                           0.32
  C18:4*n*-3            1.84                       1.70                              0.09                      0.84                          0.53                             ND                       1.16                         ND                          0.78                     0.12                           1.96
  C20:2*n*-6            0.56                       0.56                              0.11                      0.41                          0.12                             0.04                     0.30                         0.27                        0.22                     0.16                           0.28
  C20:3*n*-3            2.07                       5.38                              1.43                      2.72                          1.82                             1.67                     1.95                         2.57                        1.67                     2.39                           2.25
  C20:4*n*-6            0.12                       0.06                              0.03                      0.06                          ND                               0.12                     ND                           ND                          0.08                     ND                             0.05
  C20:5*n*-             8.94                       4.32                              5.73                      5.10                          5.74                             8.33                     2.04                         4.73                        4.76                     4.40                           8.09
  C22:4                 0.25                       0.26                              0.20                      0.15                          0.21                             0.44                     0.07                         0.16                        0.23                     0.13                           0.53
  C22:5*n*-3            3.31                       3.45                              0.94                      2.13                          1.34                             2.61                     1.84                         1.66                        1.14                     1.17                           3.92
  C22:5*n*-6            0.52                       1.83                              0.33                      0.05                          0.56                             0.61                     0.63                         1.11                        0.40                     0.7                            0.54
  C22:6*n*-3            4.15                       8.2                               5.25                      9.16                          7.12                             7.68                     6.44                         14.21                       3.31                     9.6                            6.61
  **PUFAs**             **23.9**                   **27.6**                          **15.2**                  **23.3**                      **19.3**                         **23.4**                 **15.3**                     **26.4**                    **14.7**                 **19.9**                       **28.4**
  **Total**             93.2                       89.8                              92.5                      90.4                          91.3                             91.4                     89.7                         91.2                        94.5                     85.9                           89.7
  **Fatty acids (%)**   ***Siganus fuscessens***   ***Mugil cephalus***              ***Ilisha elongata***     ***Collichthys lucidus***     ***Leiognathus brevirostris***   ***Coilia mystus***      ***Johnius belangerii***     ***Trichiurus lepturus***   ***Pampus argenteus***   ***Thryssa dussumieri***       ***Thryssa kammalensis***
  C14:0                 9.27                       6.12                              3.05                      2.09                          4.39                             3.91                     2.34                         5.28                        5.43                     7.86                           2.61
  C15:0                 1.61                       0.62                              0.5                       0.41                          0.81                             0.44                     0.78                         0.49                        1.16                     0.7                            0.62
  C16:0                 24.9                       26.0                              23.4                      24.5                          25.0                             26.0                     24.7                         27.3                        26.6                     28.5                           27.3
  C17:0                 1.26                       0.63                              0.82                      0.77                          1.20                             0.94                     1.38                         0.78                        1.88                     0.62                           1.06
  C18:0                 5.56                       5.59                              5.76                      5.55                          5.96                             3.87                     5.98                         5.92                        8.90                     6.03                           6.34
  **SFAs**              **42.6**                   **39.0**                          **33.5**                  **33.4**                      **37.4**                         **35.1**                 **35.2**                     **39.8**                    **44.0**                 **43.7**                       **37.9**
  C14:1                 0.59                       0.08                              0.27                      0.20                          0.49                             0.25                     0.28                         0.47                        0.32                     0.29                           0.25
  C15:1                 0.23                       0.10                              0.11                      0.09                          0.24                             0.33                     0.21                         0.12                        0.91                     ND                             0.09
  C16:1*n*-7            11.7                       11.8                              7.06                      11.1                          11.2                             10.3                     15.5                         8.68                        6.91                     10.2                           6.79
  C17:1                 0.57                       0.21                              0.55                      0.67                          0.68                             4.46                     0.85                         0.51                        0.62                     0.10                           0.69
  C18:1*n*-7            2.77                       5.86                              3.38                      3.26                          3.82                             14.91                    4.22                         2.51                        2.00                     6.83                           2.76
  C18:1*n*-9            5.96                       11.2                              17.3                      20.2                          13.1                             14.1                     11.6                         18.5                        13.7                     13.0                           16.7
  C20:1                 0.73                       0.29                              0.82                      0.97                          1.49                             1.06                     1.88                         0.53                        1.93                     0.46                           0.52
  C22:1                 1.31                       0.21                              0.86                      0.68                          0.76                             0.38                     0.58                         0.50                        1.83                     ND                             0.54
  C24:1                 0.14                       0.06                              0.22                      0.11                          0.10                             0.23                     0.27                         ND                          0.83                     0.12                           0.45
  **MUFAs**             **24.0**                   **29.8**                          **30.6**                  **37.3**                      **31.9**                         **46.0**                 **35.4**                     **31.8**                    **29.0**                 **31.0**                       **28.7**
  C18:2*n*-6            1.89                       6.21                              1.04                      0.84                          1.19                             0.93                     1.06                         0.6                         0.84                     1.01                           0.83
  C18:3*n*-3            1.18                       1.81                              0.95                      0.8                           1.31                             1.03                     0.85                         0.74                        0.3                      0.46                           0.49
  C18:3*n*-6            0.23                       0.53                              0.11                      0.11                          0.17                             0.09                     0.11                         0.13                        0.04                     0.13                           0.09
  C18:4*n*-3            1.06                       ND                                0.9                       0.68                          1.72                             ND                       0.27                         ND                          ND                       ND                             0.48
  C20:2*n*-6            0.23                       0.17                              0.25                      0.18                          0.43                             0.19                     0.27                         ND                          0.21                     0.2                            0.17
  C20:3*n*-3            1.57                       0.15                              1.24                      1.02                          1.28                             1.03                     2.65                         0.76                        1.98                     0.13                           2.33
  C20:4*n*-6            ND                         1.4                               ND                        0.12                          0.11                             0.03                     0.05                         ND                          ND                       1.33                           ND
  C20:5*n*-3            2.97                       8.23                              8.11                      7.17                          6.76                             3.73                     6.55                         2.44                        3.09                     9.1                            5.58
  C22:4                 0.24                       0.32                              0.3                       0.38                          0.42                             0.17                     0.25                         0.13                        0.13                     0.29                           0.15
  C22:5*n*-3            3.95                       2                                 0.96                      0.89                          1.33                             0.91                     1.08                         0.75                        1.2                      1.58                           0.74
  C22:5*n*-6            1.1                        ND                                0.31                      0.25                          0.62                             0.42                     0.69                         0.2                         1.01                     ND                             0.47
  C22:6*n*-3            11.15                      5.35                              7.83                      5.11                          5.99                             6.52                     7.17                         4.54                        10.95                    7.34                           10.1
  **PUFAs**             **25.6**                   **26.1**                          **22.0**                  **17.6**                      **21.3**                         **15.0**                 **21.0**                     **10.3**                    **19.7**                 **21.6**                       **21.4**
  **Total**             92.2                       94.9                              86.1                      88.2                          90.6                             96.1                     91.6                         81.9                        92.8                     96.3                           88.1
  --------------------- -------------------------- --------------------------------- ------------------------- ----------------------------- -------------------------------- ------------------------ ---------------------------- --------------------------- ------------------------ ------------------------------ ---------------------------

SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids; EPA: eicosapentaenoic acid; DPA: docosapentaenoic acid; DHA: docosahexaenoic acid; IA: index of atherogenicity; IT: index of thrombogenicity, HH: hypocholesterolemic/hypercholesterolemic ratio; n-6/n-3: *n*-6 PUFAs/*n*-3 PUFAs ratio; P/S: PUFAs/SFAs ratio. ND: not detected. Results represent mean values (n = 10).

Results and discussion {#sec009}
======================

Lipid content {#sec010}
-------------

The crude lipid content of the 22 marine fish species is listed in [Table 1](#pone.0228276.t001){ref-type="table"}. The lipid content, expressed on a wet weight basis, varied from 0.51 g/100 g for *Sillago sihama* to 7.35 g/100 g for *Thryssa kammalensis*. According to the Ackman Standard, fish can be classified into four categories based on their fat content: lean fish (\< 2% fat), low fat (2--4% fat), medium fat fish (4--8% fat), and high fat fish (\> 8% fat) \[[@pone.0228276.ref025]\]. Based on this classification system, eleven were considered to be medium fat fish (11 in 22), seven were found to be low-fat fish, and four could be classified as lean fish ([Table 1](#pone.0228276.t001){ref-type="table"}). No high-fat fish were found in our study. Thus, most of the fish species investigated in this study contained a low to moderate lipid content. Such lipid contents were comparable to those of marine fish (0.58--7.83 g/100 g) collected from the East China Sea \[[@pone.0228276.ref018]\], but lower than those of marine fish (1.19--11.9 g/100 g) in the Southern Yellow Sea \[[@pone.0228276.ref026]\]. It should be noted that although lipid content reported herein could be mainly attributed to differences among the species, the fat content might be also influenced by multiple factors, including geographical origin, catch season, diet, reproductive stage, and age variation \[[@pone.0228276.ref018], [@pone.0228276.ref027]\].

Fatty acid profiles {#sec011}
-------------------

Fatty acid compositions of sampled fish species are summarized in [Table 2](#pone.0228276.t002){ref-type="table"}. Overall, this study identified twenty-six fatty acids with the minimum proportion which exceeded 0.1% of the total fatty acids, composed of C14:0 to C22:6*n*-3. The 26 fatty acids reported here constituted about 81.9%--96.3% of the total fatty acids. Wide variations in the fatty acid composition were shown among all fish species ([Table 2](#pone.0228276.t002){ref-type="table"}). Fatty acids were categorized into SFAs, which accounted for 33.4% to 47.7% of total fatty acids in all studied species; MUFAs, which constituted 19.3% to 46.0%; and PUFAs, which comprised 10.3% to 28.4%. In general, most of the studied species (17 in 22) contained a higher proportion of SFAs than that of MUFAs and PUFAs. The exception was the proportion with *Sillago sihama*, *Collichthys lucidus*, *Coilia mystus*, *Harpadon nehereus* and *Johnius belangerii*, which followed a variant pattern with MUFAs \> SFAs \> PUFAs.

There were no significant differences of fatty acid profiles among fishes in different lipid classes (One-way ANOVA, *p* \> 0.05, [Fig 1](#pone.0228276.g001){ref-type="fig"}). These outcomes were inconsistent with the fatty acid signatures obtained from the previous studies showing that, PUFAs changed in a negative association with the lipid content and MUFAs tended to increase when the lipid content increased \[[@pone.0228276.ref008], [@pone.0228276.ref028]\]. Previous studies revealed that marine fish species were typically characterized by high percentage share of PUFAs \[[@pone.0228276.ref008], [@pone.0228276.ref009]\]. However, the levels of PUFAs in our investigated species were found to be lower than those values reported previously \[[@pone.0228276.ref008], [@pone.0228276.ref018], [@pone.0228276.ref029]\]. It is well known that dietary composition, especially the diet's fatty acid profile, exerts a qualitative and quantitative impact on the fatty acid composition of fish lipids \[[@pone.0228276.ref030]\]. Thus, the different pattern of fatty acid signatures indicated in this study might largely be influenced by the diet variations. Further investigations should be conducted to obtain additional data regarding the correlation between fatty acid profiles and total lipid content.

![Differences in fatty acid signatures among the analyzed fish from different lipid classes.](pone.0228276.g001){#pone.0228276.g001}

### Saturated fatty acids (SFAs) {#sec012}

Palmitic acid (C16:0), contributing approximately to 65% of the total SFAs, was the predominant SFA in all the examined fish. This proportion is in accord with that found in the previous studies on marine fish species from other regions \[[@pone.0228276.ref008], [@pone.0228276.ref031]\]. Of the overall detected results, *Arius sinensis* contained the greatest, while *Trypauchen vagina* had the smallest proportions of palmitic acid. Stearic acid (C18:0), ranging from 3.63% to 9.96%, was the second most abundant fatty acid identified in all the fishes. Especially noted, the myristic acid (C14:0), which promote hypercholesterolemia, was detected at a relatively high concentration in the examined species compared with previous studies demonstrating a negative factor in their consumption \[[@pone.0228276.ref010], [@pone.0228276.ref032]\]. As SFAs with odd carbon numbers, pentadecanoic acid (C15:0) and heptadecanoic acid (C17:0) were present in small levels. It is generally believed that the consumption of SFAs is associated with a high risk of coronary heart disease and increasing LDL-cholesterol \[[@pone.0228276.ref033]\]. Thus, the lipid composition of *Collichthys lucidus* with lowest SFAs in our study seems to be healthier than the others, whereas the *Selaroidea leptolepis* with the highest amount of SFAs might be not suitable for the prevention of cardiovascular disease.

### Monounsaturated fatty acids (MUFAs) {#sec013}

The percentages of MUFAs present in the total lipids of the fish species varied over a wide range ([Table 2](#pone.0228276.t002){ref-type="table"}). The MUFAs in *Coilia mystus* constituted nearly half of the total fatty acids (46.0%), whereas *Nemipterus virgatus* shared relatively low proportions of MUFAs (19.3%). Among all the species tested, the major MUFAs were palmitoleic acid (C16:1*n*-7, 6.06% in *Nemipterus virgatus* to19.9% in *Harpadon nehereus*), vaccenic acid (C18:1*n*-7, 2.00% in *Pampus argenteus* to 14.9% in *Coilia mystus*) and oleic acid (C18:1*n*-9, 5.96% in *Siganus fuscessens* to 22.3% in *Arius sinensis*). In comparison with this study, Li et al. (2011) reported a higher content of oleic acid but a lower content of palmitoleic acid in marine fish species from the East China Sea. The quantity of other fatty acids in this group identified was generally below 1%.

### Polyunsaturated fatty acids (PUFAs) {#sec014}

The proportion of PUFAs found in the fish species ranged from 10.3% in *Trichiurus lepturus* to 28.4% in *Trypauchen vagina* ([Table 2](#pone.0228276.t002){ref-type="table"}). Among the detected 12 PUFAs, the predominant fatty acids were eicosatrienoic acid (C20:3*n*-3, 0.13% in *Thryssa dussumieri* to 5.38% in *Odontamblyopus rubicundus*), eicosapentaenoic acid (EPA, 2.04% in *Branchiostegus albus* to 9.10% in *Thryssa dussumieri*), docosapentaenoic acid (DPA, C22:5*n*-3, 0.74% in *Thryssa kammalensis* to 3.95% in *Siganus fuscessens*), and docosahexaenoic acid (DHA, 3.31% in *Arius sinensis* to 14.2% in *Nemipterus virgatus*). All species analyzed in this study contained high levels of *n*-3 PUFAs (9.23%-23.9%), but had low levels of total *n*-6 PUFAs (0.93%-8.31%), which were in accordance with previous studies on the fatty acid composition of other marine fishes. The EPA and DHA represented the most abundant *n*-3 PUFA, together accounting for 53.1% of total PUFAs in *Odontamblyopus rubicundus* to 88.3% in *Thryssa dussumieri*. This could be explained by the fact that marine fishes presumably feed predominantly on phytoplankton. Lipids of phytoplankton are generally rich in *n*-3 PUFAs (especially EPA and DHA) and poor in *n*-6 PUFAs such as linoleic and arachidonic acid \[[@pone.0228276.ref034]\].

Compared with the marine fish species in other regions of the world, which generally contained high PUFAs (e.g., 30--40%), the average proportions of PUFAs for the studied species (20.9 ± 4.61%) in the PRE were much lower ([Table 3](#pone.0228276.t003){ref-type="table"}). Especially the ratios were less than half of the proportions in the European marine fish species from the Adriatic Sea and Polish waters \[[@pone.0228276.ref031], [@pone.0228276.ref035]\]. Moreover, PUFAs of the examined species were among the lowest when compared with those from other fishing grounds in China. PUFAs in marine fishes from Zhoushan fishing ground, the biggest fishing ground in China, accounted for about 28.4% of the total fatty acids \[[@pone.0228276.ref018]\]. In the Minnan-Taiwan fishing ground, 36.7% of the total fat was PUFAs \[[@pone.0228276.ref036]\]. Further analyses revealed that EPA and DPA contents in the analyzed species were similar to those observed in previous studies, whereas the DHA contents were substantially low when compared with those from other regions ([Table 3](#pone.0228276.t003){ref-type="table"}).

10.1371/journal.pone.0228276.t003

###### Comparison of fatty acid profiles in marine fish species from different regions around the world.

![](pone.0228276.t003){#pone.0228276.t003g}

  Number of Species   Locations                      SFAs              MUFAs             PUFAs             EPA               DPA               DHA               Reference
  ------------------- ------------------------------ ----------------- ----------------- ----------------- ----------------- ----------------- ----------------- ----------------------------
  **23**              **Pearl River Estuary**        **38.9 ± 4.07**   **31.1 ± 5.61**   **20.9 ± 4.61**   **5.72 ± 2.12**   **1.77 ± 1.01**   **7.44 ± 2.55**   **This study**
  12                  East China Sea                 34.5 ± 2.76       31.0 ± 4.10       28.4 ± 5.97       6.81 ± 1.46       2.48 ± 1.21       14.8 ± 3.98       \[[@pone.0228276.ref018]\]
  6                   Minnan-Taiwan fishing ground   36.8 ± 1.05       26.6 ± 2.74       36.7 ± 2.41       2.87 ± 0.48       2.54 ± 0.32       20.1 ± 2.10       \[[@pone.0228276.ref036]\]
  8                   The northwest Pacific Ocean    25.2 ± 3.73       31.9 ± 12.2       39.6 ± 10.4       10.8 ± 2.01       1.57 ± 0.71       20.1 ± 7.75       \[[@pone.0228276.ref008]\]
  4                   Brazil                         25.4 ± 6.52       31.1 ± 17.1       31.5 ± 11.7       7.85 ± 1.67       1.60 ± 0.92       19.2 ± 9.73       \[[@pone.0228276.ref010]\]
  4                   Panama                         39.8 ± 1.72       31.8 ± 1.86       28.3 ± 3.57       6.24 ± 0.87       1.46 ± 0.23       15.3 ± 3.17       \[[@pone.0228276.ref029]\]
  6                   Adriatic Sea                   31.7 ± 3.01       16.7 ± 4.26       49.9 ± 4.69       8.53 ± 1.64       2.68 ± 2.39       31.3 ± 8.24       \[[@pone.0228276.ref035]\]
  8                   Egypt                          25.6 ± 2.06       48.3 ± 6.97       26.1 ± 6.61       1.15 ± 0.90       0.92 ± 0.55       10.3 ± 5.69       \[[@pone.0228276.ref042]\]
  11                  Queensland                     31.9 ± 2.15       17.6 ± 2.51       42.5 ± 2.92       4.09 ± 0.55       3.36 ± 0.58       17.7 ± 3.40       \[[@pone.0228276.ref043]\]
  9                   Polish                         27.7 ± 6.54       27.4 ± 13.4       45.0 ± 17.9       8.74 ± 9.08       2.46 ± 1.88       20.1 ± 16.2       \[[@pone.0228276.ref031]\]
  8                   Turkey                         30.5 ± 5.05       21.1 ± 5.80       36.1 ± 8.14       5.40 ± 1.09       NA                21.8 ± 9.18       \[[@pone.0228276.ref016]\]
  8                   Mediterranean and Black Seas   31.3 ± 3.50       20.7 ± 4.66       34.8 ± 7.05       6.95 ± 2.55       NA                21.1 ± 8.41       \[[@pone.0228276.ref044]\]
  11                  Southern Italy                 43.6 ± 3.47       24.9 ± 4.74       31.5 ± 2.28       6.82 ± 0.87       NA                13.8 ± 2.42       \[[@pone.0228276.ref009]\]
  10                  India                          37.1 ± 2.07       23.7 ± 1.18       32.3 ± 1.48       4.28 ± 0.56       2.74 ± 0.83       3.08 ± 0.86       \[[@pone.0228276.ref045]\]
  6                   Black Sea                      31.3 ± 2.49       28.4 ± 4.60       27.0 ± 8.01       6.30 ± 2.19       NA                14.5 ± 7.47       \[[@pone.0228276.ref046]\]

SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids; EPA: eicosapentaenoic acid; DPA: docosapentaenoic acid; DHA: docosahexaenoic acid; NA: not analysed. Results represent mean ± SD.

Although both freshwater and marine fish could synthesize PUFAs, such as EPA and DHA, through enzymatic pathways characterized by sequential desaturation and elongation actions, marine species typically present low enzymatic activity and depend almost completely on their diet to obtain the main long-chain *n*-3 fatty acids (e.g. EPA and DHA) \[[@pone.0228276.ref032], [@pone.0228276.ref037]\]. Thus, low fish PUFAs contents in the present study, especially DHA, were likely associated with their dietary composition. As the primary producer in the marine ecosystem, marine microalgae provide the food base which supports the entire marine animal populations. They are also the most important sources of marine bioactive materials, such as EPA and DHA \[[@pone.0228276.ref038]\]. During the past three decades, the diversity of marine microalgae in the PRE has declined by 37.3% due to environmental degradation \[[@pone.0228276.ref039]\]. The species composition has also undergone a dramatic change, with the proportion of diatoms increased from 70.1% in the 1980s to 81.0% in the 2010s, whereas the proportion of dinoflagellate reduced from 21.4% to 8.5% during this period \[[@pone.0228276.ref039]\]. Diatoms are characterized by relatively high values of C14:0, C16:0, C16:1*n*-7, C16:3*n*-4, and C20:5*n*-3 (EPA), while dinoflagellates are rich in PUFAs, especially DHA \[[@pone.0228276.ref040]\]. Thus, presumably the low PUFAs of fishes investigated in the PRE were associated with the diversity change of marine microalgae, especially the decline of dinoflagellates during the past several decades.

Relationships between trophic levels and fatty acid profiles {#sec015}
------------------------------------------------------------

The Pearson correlation analysis was used to explore the potential effects of trophic levels on the fatty acid composition of fish species in the PRE. Our results showed no significant relationships between the trophic levels and SFAs and MUFAs ([Fig 2A and 2B](#pone.0228276.g002){ref-type="fig"}). However, *n*-6 PUFAs significantly decreased with the increase of trophic levels in the studied species ([Fig 2C](#pone.0228276.g002){ref-type="fig"}). A weakly negative correlation pattern was also observed between *n*-3 PUFAs and trophic levels ([Fig 2D](#pone.0228276.g002){ref-type="fig"}, *p* = 0.15). It assumes that the fish at low trophic level primarily fed on phytoplankton while the diets of these high trophic level of fish were dominated by small fish and crustaceans. The phytoplankton typically contained higher levels of PUFAs, especially *n*-6 PUFAs, than small fish and crustaceans (the main food sources of those higher trophic level fish species) \[[@pone.0228276.ref034]\]. Similar results were also observed by Li et al. (2011), showing that the omnivorous fishes with trophic levels below 3.30 had higher total PUFA, *n*-3 PUFA, and EPA + DHA than the carnivorous fish (trophic level \> 3.47).

![Relationships between trophic levels (TL) and saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), *n-*6 PUFAs and *n-*3 PUFAs of the marine fish species from the PRE, China.](pone.0228276.g002){#pone.0228276.g002}

Nutritional quality indices {#sec016}
---------------------------

Fish with different fatty acid profiles most likely contribute differently towards human health. These benefits can be evaluated using the fat quality indices, such as *n*-6/*n*-3 ratio, P/S ratio, IA, IT and HH index \[[@pone.0228276.ref011], [@pone.0228276.ref023], [@pone.0228276.ref024]\]. The nutritional qualities of lipid profiles from this study and related indices are showed in [Fig 3](#pone.0228276.g003){ref-type="fig"}.

![Hierarchical clustering analyses of the selected marine fish species based on the five nutritional quality indices.\
n-6/n-3 Ratio: *n*-6 PUFAs/*n*-3 PUFAs ratio; HH: hypocholesterolemic/hypercholesterolemic ratio; IA: index of atherogenicity; IT: index of thrombogenicity, P/S Ratio: PUFAs/SFAs ratio.](pone.0228276.g003){#pone.0228276.g003}

The *n*-6/*n*-3 ratio is considered to be a useful indicator for determining the quality of fat, considering that a lower human dietary *n*-6/*n*-3 fatty acid ratio helps to prevent coronary heart disease by reducing cholesterol in the blood, whereas increased levels of this ratio may promote cardiovascular disease \[[@pone.0228276.ref006]\]. A ratio value below 4.0 in a diet was recommended for cardiovascular disease prevention by the UK Department of Health \[[@pone.0228276.ref011]\]. In this study, ratios of *n*-6/*n*-3 PUFAs in the fish species ranged from 0.09 in *Thryssa kammalensis* to 0.49 in *Mugil cephalus*, generally lower than the recommended value from the UK Department of Health, suggesting that these species may be beneficial for human health. The ratio of PUFAs to SFAs is another index commonly used to assess the nutritional value of fats. Compared with the *n*-6 and *n*-3 series fatty acids, the P/S ratio reflects both the effects of PUFAs and SFAs. Foods that have a P/S ratio below 0.45 have been considered undesirable for the human diet because of their potential to increase cholesterol in the blood \[[@pone.0228276.ref011]\]. In this study, P/S ratios ranged from 0.26 in *Trichiurus lepturus* to 0.79 in *Odontamblyopus rubicundus*, which were lower than those in marine fish species from other studies \[[@pone.0228276.ref010], [@pone.0228276.ref016]\]. The lower P/S ratios in *Selaroidea leptolepis*, *Arius sinensis*, *Trichiurus lepturus*, *Coilia mystus*, *Harpadon nehereus* and *Branchiostegus albus* in this study could be related to the lower PUFAs amount (10.3%-19.3%) present in these species.

Generally, the ratio of P/S or *n*-6/*n*-3 fails to reflect the effects of MUFAs. Without considering the multiple and different functional effects of SFAs and PUFAs, evaluating the nutritional value of fat by only comparing the P/S ratio or *n*-6/*n*-3 ratio might lead to simplistic dietary advice \[[@pone.0228276.ref023]--[@pone.0228276.ref024]\]. Thus, the IA, IT and HH index based on functional effects of fatty acids were also employed in this study to conduct a comprehensive evaluation of the nutritional quality of the marine fish species from the PRE. The indices of IA and IT are related to pro- and anti-atherogenic and pro- and antithrombogenic fatty acids \[[@pone.0228276.ref023]\]. High IA and IT values might stimulate platelet aggregation and subsequent thrombus and atheroma formation in the cardiovascular system \[[@pone.0228276.ref032]\]. Thus, lower IA and IT values are desirable to prevent cardiovascular disorders. The HH index refers to the ratio of hypocholesterolemic over hypercholesterolemic fatty acids and is related with the specific effects of fatty acids on cholesterol metabolism \[[@pone.0228276.ref041]\]. In contrast to IA and IT, higher HH values are considered more beneficial to human health. Among fish species analyzed, the IA values ranged from the lowest 0.56 in *Sillago sihama* to the highest 1.25 in *Siganus fuscessens*. The IT values ranged from 0.38 in *Trypauchen vagina* to 0.73 in *Trichiurus lepturus*. The average IA and IT values (0.83 and 0.48, respectively) in this study were higher than those reported in other marine species \[[@pone.0228276.ref010], [@pone.0228276.ref032], [@pone.0228276.ref041]\]. The HH ratios ranged between 0.65 in *Selaroidea leptolepis* and 1.41 in *Trypauchen vagina*. These ratio results were lower than those of marine fish species from other studying locations \[[@pone.0228276.ref010], [@pone.0228276.ref032],[@pone.0228276.ref041]\].

Hierarchical clustering analyses based on the five nutritional quality indices (*n*-6/*n*-3, P/S, HH, IA, and IT) were further used to compare the nutritional quality of the studied marine fishes in the PRE. Fish species were clustered into four groups. There was an increase in the nutrient quality of fishes from group 1 to group 4 ([Fig 3](#pone.0228276.g003){ref-type="fig"}). Thus, compared with the fish species in group 1 to group 3, *Collichthys lucidus*, *Ilisha elongata*, *Trypauchen vagina*, *Odontamblyopus rubicundus* and *Sillago sihama* from group 4 are more desirable for human consumption in terms of beneficial fats. Compared with the marine fishes from other regions, lower indices of HH and P/S ratios and higher IA and IT indices of fish in this study suggested that marine fish species from the PRE might contain a poor lipid composition with regard to the nutritional purposes. This was in accordance with the conclusion from Usydus et al. (2011), showing that the marine fish species imported from China and Vietnam were characterized by low contents of EPA and DHA, and the consumption of these fish species might have no significant meaning for coronary heart disease prevention.

Conclusion {#sec017}
==========

This study provided us the first description of the fatty acid profiles and lipid nutritional qualities of the economically important fish species in the PRE, China. Our results showed that fish species from the PRE were generally characterized by high contents of SFAs and low contents of PUFAs, which might be related to the dietary increase of diatoms and the decline of dinoflagellate during the past several decades. PUFAs, especially *n*-6 PUFAs, in the studied species showed a significantly negative relationship with their trophic levels, presumably because the low trophic level of fish primarily fed on phytoplankton which were rich in PUFAs. The study indicated that there were considerable variations in the lipid nutrition in examined fish species from the PRE. Among them, *Collichthys lucidus*, *Ilisha elongata*, *Trypauchen vagina*, *Odontamblyopus rubicundus* and *Sillago sihama*, which contain better nutritional values in terms of P/S ratio, IA, IT, and HH than others, may be more suitable for people who prefer to consume PUFAs-rich fish from this region. In perspective of cardiovascular disease prevention, some fish species, especially those categorized in group 1, from the PRE might have no significant contribution for this purposes due to their poor lipid nutrition quality indices. However, it should be noted that the nutritional benefits of fish stem not only from their fatty acid profiles, but also from the richness in essential and nutritious compounds (e.g., easily digestible proteins, vitamins and polysaccharides). Furthermore, other than cardiovascular disease prevention, variety of additional health-promoting properties might also be highly related with fish consumption. Therefore, further studies are needed in order to make a comprehensive evaluation of the nutritional qualities of the fish species from the PRE.
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